This paper presents an accurate model of a monostatic stepped-frequency continuous-wave (SFCW) groundpenetrating radar (GPR). The model takes into account the multiple reflections occuring between the soil, target and antenna, which is a transverse electromagnetic (TEM) ultra-wide band (UWB) horn. The antenna radiation pattern is accounted for by a Huyghens cosinusoidal distribution of electric and magnetic current located on the aperture. The model is validated by experiments, involving dielectric targets embedded in a sandbox. These experiments validate altogether the radar modeling, as well as the MoM and the dyadic Green's functions (DGFs) used in the numerical algorithms.
Introduction
Ground-penetrating radar (GPR) is an increasingly used near-surface remote sensing tool for detecting buried targets [1] . However, the accurate modeling of a GPR is a complex task. Indeed, the soil contributes for a significant part to the total radar signal, modifies the radar signal from the target and the antenna radiation pattern w.r.t. free space, and finally induces multiple reflections between itself and the antenna [2] , which in turn can change significantly antenna radiation currents and henceforth the measured radar signal.
The precise numerical modeling of complete radar systems can be done by using finite difference timedomain (FDTD) algorithms [3, 2] . However, this approach demands a significant amount of computing power. Another approach relies on Method of Moments (MoM) algorithms [4] , which limit the computation volume to the scatterer and antenna, with the soil taken into account by using appropriate half-space dyadic Green's functions (DGFs) [5] . This latter approach can also quickly lead to computationally untractable problems even if the antenna aperture is only a few square wavelengths in dimension. Moreover, it is difficult to correctly set up a precise numerical model of a complex antenna, as fine details in the geometry, as well as manufacturing imperfections, have a significant impact on the measured quantities [6] .
In [7] , which extends previous work aiming at modeling the GPR signal of the soil alone [8] , we have formally demonstrated expressions of the GPR signal produced by inhomogeneities within the ground, which take into account the antenna radiation pattern and the multiple reflections between the antenna and the soil and target. The target scattering is studied with help of the MoM, and the antenna is described by equivalent currents whose spatial distribution is assumed to be known. The model is augmented by using operational parameters that account for the antenna currents amplitudes both in free space and due to scattering of the fields coming back from the soil and buried target. It presents the advantages of reducing the complexity of antenna effects to a few parameters, which are determinable through a simple calibration procedure as in [8] , while retaining an excellent precision in signal prediction, and allowing for a physical insight of the scattering processes at hand.
Here we present the application of [7] for one antenna equivalent currents distribution: a Huyghens cosinusoidal distribution of electric and magnetic currents located on the aperture of the antenna [9] . This distribution yields a compact model usable for all angles of interest, as well as for close or big targets.
Radar System Choice and Description
The measurements have been done by means of a stepped-frequency continuous-wave (SFCW) radar, emulated by a vector-network analyzer (VNA), as it possesses several advantages over time-domain technology [8] . Indeed, its very large bandwidth (1 − 3 GHz in this study) allows for attaining a good spatial resolution and depth of penetration. It has a higher radiated mean power per frequency and a more efficient noise rejection resulting in a better SNR than for time-domain GPRs.
A transverse electromagnetic (TEM) ultra-wide band (UWB) horn antenna has been used because of its high directivity. The system is configured in monostatic mode, which allows for a smaller sensitivity to the horizontal variability of the soil EM parameters. Therefore the measured signal to be modeled is the complex refection coefficient Γ, also referred to as S 11 .
Ground-penetrating Radar Modeling
The aperture of the horn is parallel to the soil, with axis x and y directed following the H-plane and E-plane respectively, and the main beam axis is directed towards the soil, following the vertical-z. The antenna emission currents in free space are supposed to be distributed following (j 1 ,m 1 ), located on the antenna aperture S ant and are of amplitude H t . If we assume that, on the aperture of the antenna, the impinging wave has always the same shape, the scattering currents-assumed to have the same distribution as (j 1 ,m 1 )-will be proportional to any linear operation applied to the fields of this wave. Hence the monostatic GPR equation developed in [7] can be particularized as follows:
Abbreviations "fs", "ml" and "t" stand for "free space", "multilayered medium" and "target" respectively. R
is the "reaction" of the constrast, i.e. the theoretical Γ of an ideal antenna (no internal and external refections) having a current distribution (j 1 ,m 1 ) radiating in the presence of the contrast. Operational parameter H i is generated by the multiple reflections occuring within the antenna. Operational parameter H f is the amplitude of the antenna scattering currents if the incident wave has a unit amplitude. We have the explicit expressions:
with e (f s)
where G P Q is the DGF that links P-type field to Q-type current. Operational parameters H i , H t and H f can be determined as described in [8] , by making measurements above a PEC plane (considered infinite) at several heigths, since for this configuration it is easy to compute Γ (soil) = Γ (P EC) , and Γ (t) = 0. Equations (1) and (2) show that H t and H f will depend upon the choice of the current distribution.
The equivalence principle allows one to replace the contrast by equivalent currents (j t,1 ,m t,1 ), proportional to the excitation fields (e
) emitted by (j 1 ,m 1 ), and which radiate in the outside and inside medium for the external and internal equivalent problem respectively [10] . According to this principle, in the external (internal) equivalent problem, the contrast can be replaced by the currents (j t,1 ,m t,1 ) radiating in the whole space filled by the external multilayered (internal) medium. Hence the field e (ml) t,1 can be computed from the currents (j t,1 ,m t,1 ) by using the DGFs pertaining to multilayered media in the mixed-potential source-field relationship [11] :
where
AJ is the DGF for the vector potential A, K (ml) φ is the Green's function for the scalar potential φ, and G
(ml)
EM is the DGF which yields the electric field due to magnetic current [11] . Similar expressions can be obtained by duality for h (ml) t,1 [11] . Combining (6) and their dual forms for h (ml) t,1 to the set of integral equations obtained from the internal problem and enforcing the boundary conditions for the fields at the surface of the contrast yield a system of integral equations. According to the boundary conditions used, several formulations are obtained, such as the combined field integral equation (CFIE) or the Poggio-Miller-Chang-Harrington-WuTsai (PMCHWT) formulation. The MoM is used for solving the integral equation formulation and eventually provides a unique solution for the equivalent currents (j t,1 ,m t,1 ).
Huygens Cosinusoidal Current Distribution
Such current distributions are developed for horn antennas in chapter 12 of [9] , where it is supposed that contributions from induced currents on other parts of the antenna surface are negligible. The equivalent currents distribution is limited to the aperture of the antenna, and their amplitude distribution is the same as the fundamental TE 10 mode for a rectangular waveguide having the same dimensions as the aperture; a quadratic phase term accounts for the flaring of the horn transition. This distribution predicts fairly well the main-beam of the far-radiation pattern and the gain of the antenna, and the precision increases with frequency. The currents are given by:
where E 0 is a constant, x, y is the position in the aperture plane withŷ a ,x a being the corresponding coordinate system, η 0 is the impedance of plane waves in free space, and a, ρ 1 , ρ 2 are geometrical parameters of the antenna. When using this distribution, no simplification of (2) and (3) can be made.
Experimental Validation for Dielectric Target Buried in Multilayered Medium
The experimental setup consists in a dielectric target-and air-filled cylindrical tupperware with a diameter of 11 cm and a height of 5 cm-buried 2.7 cm deep at nadir of the horn antenna in a multilayered medium composed of three layers: air, dry sand of 14.5 cm thickness, and a metal plane for controlling the boundary conditions. The antenna is located at 26.8 cm above the sand surface, and the frequency band is 0.8-3 GHz. The complex relative permittivity is obtained from a radar measurement and by using the method of Lambot et al. for the soil EM parameters extraction, and was found to be ε sand = 2.55 in the considered frequency band. Fig.1 (a) compares the measured γ (soil) , with
and the measured and computed
. First, the measured Γ (soil) is obtained by subtracting the computed Γ (t) from the total measured signal. The measured γ (soil) is then obtained with help of (8) . The filtering of the multiple reflections in the measured signal is clearly visible, especially above 2 GHz. This results in measured and computed R (soil) 11 that agree fairly well. Fig.1(b) presents the same data as (a) but in the time domain. Fig.1(c) compares the measured γ (t) , with
and the measured and computed R
11 . The measured Γ (t) is obtained by subtracting the computed Γ (t) from the total measured signal, and γ (t) is obtained by (9) . The filtering of the multiple reflections is visible at 2.3 GHz.
The agreement between the measured and computed R
11 is remarkable, and shows that the target signature can be cleanly extracted if one can simulate the soil radar response with sufficient precision.
Summary and Perspectives
A simple yet accurate model of a monostatic SFCW GPR in presence of buried inhomogeneities has been presented. The antenna is fully described by its current distributions and by operational parameters that describe the complex radiation processes occuring in the presence of the soil and target. These parameters 11 (− · −) of tupperware. can be estimated by a simple calibration procedure, obviating the difficulty of setting up a precise numerical model of the antenna. The model, derived for arbitrary antenna equivalent current distributions, has been applied using a cosinusoidal distribution. It yields very good quantitative agreement between measured and simulated radar signals, thereby validating the complete radar equation as well as the numerical algorithms used in the computations. The results also showed that accounting for the multiple reflections occuring between the antenna, the soil and the target greatly enhances the quality of the modeling.
Future works include the extension of the model to bistatic systems, a study of the radar sensitivity as well as analyzing in greater detail signatures of various targets.
